1.
Introduction 1 2 Supercapacitors are electrochemical devices for energy storage with very fast power delivery or 3 uptake due to the physical nature of the Helmholtz double-layer formed at the interface between the 4 high surface area carbon electrode and the electrolyte solution. A typical fully charging or discharging 5 time is in seconds with up to a million cycles, and the power density can be up to 15 kW/kg (Beguin et 6 al., 2014) . These characteristics make supercapacitors ideal for applications in complementing or 7 replacing batteries for electric and hybrid vehicles, smart grids, and consumer electronics. Global sales 8 of supercapacitors amounted to $470 million in 2010 and will rise to around $1.2 billion in 2015 9 (Munchgesang et al., 2014) . 10
With an increasing numbers of supercapacitors in use, disposal of end-of-life components and 11 manufacturing scraps will become an important issue. Moreover, waste supercapacitors are classified as 12 hazardous products and require a special treatment facility according to EU directive 2002/96/EC on 13 waste electric and electronic equipment. Therefore, a viable recycling technology is desirable from a 14 point of view of sustainability and legislation on recycling. is also used for recovery of the previous metals by using a suitable solvent to dissolve the metal salts in 28 the electrodes (Cai et al., 2014; Renault et al., 2014; Zhang et al., 2015) . However, thermal processes are 29 frequently used in commercial operations due to its simplicity and robustness (Bernardes et al., 2004; 30 Chagnes and Pospiech, 2013; Zeng et al., 2014). Supercapacitors do not contain precious metals, but 31 contain much more electrolyte solution dispersed in activated carbon electrodes. Alternative 32 procedures must be developed to recycle the hazardous electrolyte solution instead of combustion. 33 1998). Most of these substances are toxic, but highly toxic substances like perfluoroisobutene or 23 fluorophosgene can be formed under some reaction conditions (Simon and Kaminsky, 1998) . 24
On the other hand, the presence of the polymer binder will be an advantage to prevent dust 25 formation during handling the recycled activated carbon. Also, the organic salt used in supercapacitors 26 is thermally stable and chemically inert. When the above characteristics of the polymer binder and the 27 salt, together with the difficulties in separation, are taken into account, there lacks the necessity for 28 separating the binder and the salt from the activated carbon. However, an upper temperature limit 29 should be placed for the re-use of the recycled activated carbon to prevent the decomposition of the 30 organic matter. Therefore, after the solvent is recycled, the major recycling task is to develop a proper 31 method to strip off the large activated carbon agglomerates from the metallic foil and then disintegrate 32 the large activated carbon agglomerate into usable fine granules. 33
In this paper, we describe a principle of concept recycling method for supercapacitors based on 1 shredding and mild thermal treatment to recycle the solvent and the activated carbon into fine particles 2 ready for use. Subsequently, the surface area and pore structure of the recycled activated carbon is 3 characterised, and the upper limit temperature is defined for the recycled activated carbon. Finally, a 4 conceptual recycling process is proposed from the results of the proof of concept work. minutes. After the solvent was removed, the dried mixture was placed in a fluidized bed (ɸ70 x 400mm) 24 to separate the particles from the paper insulator, plastic packaging, metal pins, rubber sealing and 25 aluminium foil particles from the activated carbon particles. The air velocity was 0.5 m/s to remove 26 paper particles, and increased gradually to 0.8 m/s to blow out the activated carbon agglomerates (less 27 than 4 mm diameter). The aluminium foil particles, metal pins and rubber disc were left in the bed. A 28 standard cyclone was used with the fluidized bed to separate the solid particles from the fluidizing air 29 that carried the particles. In the cyclone, the entrained particles in the carrier air spiral down the barrel 30 and cone region and exit through the dipleg into a collection flask. The carrier gas reverses its flow and 31 exit through the outlet as clean air. The separated large agglomerates of activated carbon were then put 32 into 300 mL water in a plastic beaker. A Waring heavy duty blender (WSB50E) was used to shred the raw 33 activated carbon particles into fine particles at a speed of 18000 rpm for 5 minutes. After the wet-34 shredding, the mixture was filtered first using a fine metal screen to remove the aluminium particles 1 that were blown out together with the activated carbon. The filtrate was filtered again on a filter paper 2 under vacuum to remove water. The obtained activated carbon was dried at 120 o C for 2 days for later 3 analysis. A diagram in Figure 1 shows the whole recycling process and the product. 4
The reason for use a wet-shredding step rather than shredding further in the Retsch cutting mill is 5 to prevent the lost of carbon during shredding under extraction fan. Also energy consumption of the 6
Retsch cutting mill for size reduction into fine sizes is large. Our experimental work indicates that 7 shredding in water can reduce the size of activated carbon agglomerates effectively, but it is not 8 effective to reduce the aluminium particles and the plastic packaging material, which facilitates later 9 separation by filtration of the fine activated carbon particles from the residual aluminium and plastics 10 that was not separated by the fluidized bed. 11 12
Materials characterisation. 13
The conditions of the evaporation of acetonitrile and the decomposition temperatures of the 14 polymer binder and the electrolyte salt were determined using thermogravimetric analysis (TGA). The 15 TGA experiment was conducted using a Q600 Simultaneous DSC-TGA (TA Instruments). About 10 mg of 16 the electrode was cut into small pieces and then placed into a platinum crucible. The sample was 17 heated from room temperature to 750 o C under nitrogen gas flow with a heating rate of 20, 50, and 18
The surface area and the pore size of the recycled activated carbon were determined by nitrogen 20 adsorption at 77 K using a Quantachrome Autosorb-1 sorptometer. The samples were outgassed at 21 300 o C in vacuo overnight before the adsorption / desorption measurements were made. The surface 22 area was calculated respectively using multi-point BET method in the partial pressure (P/P0) range 0.05 23 to 0.2, and Langmuir method in the partial pressure (P/P0) range 0.05 to 0.4 from the adsorption 24 isotherm branch. The mesopore size was calculated using the BJH method from the desorption isotherm 25 branch, and the micropore size was calculated using the DA method from the adsorption isotherm 26 branch. 27
In order to investigate the effect of thermal treatment temperature on the surface area of 28 recycled activated carbon, some of the recycled activated carbon was heat treated at 350 o C for 60 29 minutes or 600 o C for 5 minutes to remove the polymer binder and the organic salt, and BET surface area 30 was measured after the treatments. 31 32
3.
Results and discussion 33 34 3.1. Thermal analysis 1 Figure 2 shows the TG traces of the activated carbon electrode at various heating rates. The 2 temperature for each peak is listed in Table 1 The kinetic equations for the evaporation of acetonitrile in the pores, decomposition of the 10 binder and decomposition of the electrolyte can be expressed using Eq. 1. 11
(1) 13 
14
Where α is the fractional conversion, T is the temperature, β is the heating rate, A is the pre-exponential 15
factor, E is the activation energy, n is the order of reaction and R is the universal gas constant. 16
Kessinger's method (Kissinger, 1957 ) was used to derive the kinetic parameters A, E, and n, as given in 17 
Qualities of the recycled components 5
Before starting recycling, we wondered if the activated carbon can be stripped off the aluminium 6 foil by shredding in the Retsch cutting mill. It is surprised to find later that the activated carbon can be 7 stripped off just by shredding. The activated carbon left on the aluminium foil support is less than 1 % 8 (wt) after examination using ashing method. Since this work is a proof of concept, the acetonitrile 9 vapour generated during the shredding was not condensed, but only recycled by evaporation of the 10 shredded mixture after the shredding. In this situation, about 40% (wt) of the acetonitrile was recycled. 11
In a large scale recycling facility, a vacuum line and condenser can be connected with the cutting 12 chamber to collect the volatile solvent. In a fluidized bed separator, the aluminium particles are left in 13 the bed, while the paper is blown out at first and the activated carbon particles are blown out Before wet shredding, activated carbon is in a large agglomeration form held together by the polymer 19 binder. After wet-shredding, the recycled carbon has a granular shape, indicating that wet-shredding is 20 sufficient to break the binder cohesion. 21 Figure 7 shows the nitrogen adsorption and desorption curves for the recycled activated carbon. 22
The adsorption isotherms correspond to type IV of the referred IUPAC classification, while the 23 adsorption/desorption shows type B hysteresis (de Boer, 1958) . The shape of the isotherm indicates 24 that the recycled carbons contain both micropores and well developed mesopore. 25
The results for nitrogen adsorption measurements are given in Table 2 carbon is fed into a wet shredder containing water medium by means of an airlock valve fitted under 17 the dipleg of the cyclone. The activated carbon is shredded into fine particles in the wet-shredder using 18 a high speed stirrer. The suspension of the shredded fine activated carbon particles is first filtered using 19 a screen filter to remove the small amount of residual aluminium foil particles and the activated carbon 20 is separated from the water using a centrifuge. The separated activated carbon is then dried in a dryer 21 and collected. The separated aluminium particle may go to a metallurgical recycling plant as raw 22
materials. 23
In this recycling process, energy is mainly consumed in the cutting mill for size reduction of waste 24 supercapacitors and the wet-shredding process. In the following, estimations of the energy 25 consumption and the main output of the recycled materials are made based on a recycling capacity of 26 100 kg/h. The supercapacitors are assumed to consist of 40% (wt) aluminium housing and aluminium 27 electrode support, 30% (wt) of activated carbon electrode and 25% (wt) of actonitrile, which are typical 28 composition for commercial supercapacitors. The fine grain size of the cutting mill is assumed to be 4 29
mm. 30
For an average grain size of 4mm, energy consumption of the cutting mill is about 100 KWh/t 31 (Macko, 2012) . Since shear force is mainly responsible for the wet shredding process, the energy 32 demand in a large scale operation can be scaled-up based on power drawn per volume of liquid with 33 similar loading of coarse activated carbon particles, and many types of shredding machine may be used 34 Table 1 . 10 Tables  20   21   Table 1 Evaporation and decomposition temperatures of acetonitrile, binder and electrolyte determined 22 using thermogravimetric analysis. 23 Table 2 The surface area and pore size characterisation of the recycled activated carbons 24 
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